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Analysis of Multiple Cracks in an Infinite Functionally Graded Plate

N. L. Shbeeb, W. K. Binienda and K. L. Kreider
University of Akron
Akron, Ohio

Abstract

A general methodology was constructed to develop the fundamental solution for a
crack embedded in an infinite non-homogeneous material in which the shear modulus
varies exponentially with the y coordinate (thickness). The fundamental solution was
used to generate a solution to fully interactive multiple crack problems for stress intensity
factors and strain energy release rates. Parametric studies were conducted for two crack
configurations. The model displayed sensitivity to crack distance, relative angular

orientation, and to the coefficient of nonhomogeneity.

Introduction

One of the disadvantages of composites is the mismatch of the thermal expansion
coefficients between its constituents. This mismatch produces residual stresses, which
may initiate debonding, delamination, and micro-cracks. For example, application of
ceramics as a thermal coating for a metal substrate often produce debonding at the
interface after a small number of thermo-mechanical load cycles. In order to minimize the
mismatch between the ceramics and metal a new technology was developed. This
technology allows fully tailored processing of materials and interfacial zones with
predetermined continuously varying mechanical properties, that are known as

Functionally Graded Materials (FGM) (see Asish et. al., 1997 and Holt et. al., 1993).
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FGM could be described, as two-phase particulate composites wherein the volume
fraction of its constituents differs continuously in the thickness direction (see Niino and
Maeda, 1990; Hirano and Yamada, 1988; Hirano et. al., 1988; and Kawasaki and
Watanabe R., 1990). This implies that the composition profile could be tailored to give
the appropriate thermomechanical properties. Their physical properties can be determined
either experimentally or using higher order theory for FGMs developed by Aboudi,
Pindera and Arnold (1997).

Delale and Erdogan (1983) solved the crack problem for a nonhomogeneous plane.
The authors considered the plane elasticity problem, in which the material is isotropic,
has a constant Poisson’s ratio (v), and the Young’s modulus (E) is of an exponential form
varying in the x-direction, namely,

E(x)=Ee™ ()
where B is a non-homogeneity constant and E, the Young modulus of the homogeneous
material. They found that Poisson’s ratio did not have much effect on the resulting stress
intensity factors. And that the strain-energy release rate at the crack embedded in the
portion of the medium with higher stiffness is lower than that corresponding to the crack
tip in the less stiff side of the material. Hence, the crack will grow in the direction of the
less stiff material.

Also, Delale and Erdogan (1988) solved the collinear crack problem for two
dissimilar homogeneous elastic half—planes bonded to a very thin nonhomogeneous layer.
The elastic properties of the interfacial material varied continuously between those of the
two semi-infinite planes. The Airy stress function was used in their formulation of the

solution in which it was assumed that it is composed of two functions, one is associated
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with an infinite plane containing the crack on the x-axis, while the second is an uncracked
strip. Their results showed that if the crack location approaches the less stiff material, the
strain energy release rate increases.

It can be noticed that multiple oriented crack problems embedded in a non-
homogeneous infinite plate have not yet been addressed. Thus the scope of this work will
deal with the general solution to a single and multiple oriented cracks embedded in a
nonhomogeneous infinite plate. It is assumed that the FGM has a constant Poisson’s ratio
and the shear modulus is of an exponential form. The solution is valid for both plane

stress and plane strain.

General Problem Formulation

The solution of the mixed boundary value problems for stress intensity factors or
strain energy release rates at a crack tip is obtained from the perturbation part of the
problem, see Figure 1. Before any particular problem is addressed, the general strategy
of solution is discussed in this section.

Assume that there are two states of stresses, one is associated with a local coordinate
system (x;-y) in an infinite plate, while the other is associated with boundaries of a finite
plate defined in a structural coordinate system (x-y). The crack lies on the x,-axis, which
is at an angle O from the x-axis. In the case of infinite plate problems only the first state
of stress exists, but for the general problem the total stresses in the local coordinate

system are expressed as:

T ! 2
o, (X, %)= O-‘\»,\',(xl’ i)+ Gi,)?,(xl’ )

T 5t )
T, (o y) =T, (0, y) + T (. vy)

iy AR

(2)
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where,

(2)
ih
(2)
T

iy

o1 (%, ) = sin*(0)0,,(x, y) + cos*(0)0 , (x, y) — 2sin(8) cos(0)7 , (x, ¥)

(x, %) ==sin(@)cos(B)o  (x,y)+ sin(G)cos(B)O'“ (x,¥y)
+ (cos’(0) — sin*(8))7,, (x, y)
X = x, cos(f) — y, sin(8)
vy = x, sin(8) + y, cos(8)

The stress boundary conditions obtained from the perturbation problem are:

. T
- pl(‘xl) = lim O, ('xl’yl)
vy—0

(3)

- pa(x) = \li—IPOT:,\‘n(x"y‘)

where pi(x)) and pa(x,) are the normal and shear tractions of the inner crack surfaces.

Upon substitution of (2) into (3) the boundary conditions becomes:

- pilx) = ‘l_i_rﬂ)oi-::».(xl’ )+ }i_rgo-_:f\?,(xn » 4)

(3]

= py(x) = ‘hE}) T, (X 1)) + pg}}fiv,z\r)[(xl’ Yi) )

It is noticed that the principal part will be produced from the first part of (4) and (5). The

most general form of the stresses are expressed as:
1 b
1 !
o (5. )= EJK:,’(x,,y,,r)f,mdt
1 b
| oY — (h
T“l‘: (x, )= E:‘:K:’ (xy, v, 1) f;(D)dt
(6)

, L F oo
O ()= [K Gyn £ (e

b
T (. y) = él;ijj)(x,,y,,t)f,.(t)dt for a<(x,H)<b
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where f; are so called auxiliary functions defined as derivatives with respect to x; of

displacement jumps along the crack. The kernels are expressed as:

Kl(/'l)(xl’,yl’ _[X“)(a V )em“l l)da
(7)

o (X sin@+ v, cos@-1 )d
x

K7 (x,y,.0) = J‘X‘ '(ot,x, cos@ — y, sin@)e

—o0

The expressions of Xgil) and Xgiz) depend on the stress and displacement continuity

of the problem. If XS) do not vanish as |a| approaches infinity then an asymptotic

analysis is done to separate the singular part from the regular. Consequently equation (7)

can be integrated numerically.

As }a| approaches infinity equation (7) becomes:

Kim(xl’\l’t)"‘ JX“'((X) -]0(]\,+al(\] ”da

(8)
K,( )(J\l’ \],l) — JX( |(a) ~Jor|(x, $in B+ v €088 )+ x; cOsB—y; sin O- Dda
Substituting equation (8) into (6), the following is obtained:
ill)‘]( LY, )=_’JX (0)e —jor] vy +ior(x, — ”daj-f(f)df
9

T (6, )—— jx‘”<a> e "dajf (1)t

1 —|ex|t x) sin@ -+ ¥, cos@I+ia( 1) cosH - vy sin® -1
O () = jX‘ (o) e o ing 'dajf(r)dr
oo u (10)
(’D LY — (2) “Jar|taysin@+ vy cosB)+in(x cosf~ vy sinf-1)
(xl,»)-—jx ()e a'ajf(r)dr

‘1‘1
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Further simplifications can be achieved by taking the limit of equation (9) so that the

first terms in equations (4) and (5) can be determined:

v, =0

. l I —|o| vy Hia(x~t f g
llm[gjxl;l)(a)e| |y +ia ’da_[fj(t)dt] (11)
Assume that X" have the following asymptotes:

asyl = ¢’ +id" - 0 — +oo

(D

12
asy2 = ¢’ —id" - o — —oo (12

Splitting equation (12) at a=0 into two parts and making the change of variable for
the part from -eo to 0 by letting o=-f, adding and subtracting (12) from (11) and taking

the limit as y;— O, the following is obtained:

51;_[?{ (X" (0)+ X ) () = 2¢)" Jeos(au(r — x,)) +
(13)
[X "oy — X V(o) + 2id " isin(a(t — x,)) }da + 1im[i SIP"]
i i 1 71'

i ’ - yw—=0 2

(

i''(t) is the complex conjugate of X" (cr)and the term denoted by SIP'" is:

where, X i

oo

SIp"Y = _[ze‘““' {c,.‘],” cos(a(r — x,)) + d,:(," sin(a(r — x,))}da (14)
Q

The following integral identities can be used to evaluate equation (14) (Abramowitz

and Stegun, 1964):

je"”' cos(ma)do = —,—n——7
0 n+m
w (15
je'”’" sin(ma)da = L,
! no+m-
Hence, it can be shown that (14) becomes,
Ci(il'yl +2 di(/'”(t = X) (16)
T-x)t + oy (t=x)" +y}
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where upon taking the limit of (16) and substituting the result into (13) the following

expression is obtained:

1 { X(n + X0 '”]COS(OC(T - X))+

2 !

1 d\" a7

(X" = X" + 2id!" Vi sin(a(r - x,))}dor + ———
71' t_ x]

In some problems the integrand X;’(@)does not converge rapidly to zero,
consequently U (where X;,"is close to zero) is large, thus for computational efficiency an

additional term of the asymptote is taken which is of the order (o'), namely:

!.l) g”)
asyll = 21—+ L—-ooeo O — +oo (18)
o o

Equation (17) remains the same if the asymptote (18) is subtracted and added at the same

time. It becomes:

(18}

r (X (@) + X)) =2cy" + S0 ycostatr = x, ) +
a

1

43 )]

’l .. 1 if

[X\ o) - X" (@) +2i(d” + B0 yyisine(r - x N do+ ——— (19)
' o Tt—X,

()

1 % Ze;" cos(a(r — x, ))d 1 7285

2 o 2 o

t=2
sin(o(t — x, ))doc

To evaluate the last two terms of equation (19) the following identities are used

(Abramowitz and Stegun, 1964):

Jisin(a(t - x )do = ri=x)
o o 2 |t - x,|
Jécos(a(r - x)do = =Ci(U(t - x,)) (20)

U
|7 cr=ap}

= ~(C, +logU(t — x|+ —-g—dﬁ)
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where, C, is the Euler constant. The following expression replaces equation (19),

M

r[X ") - X" (o) + 2i(d” + 2 lisin(a(s - x,)))dox
(94

ifc

—j (X" @)+ X\ (@)= 2¢\" 1cos(eu(t — x,)) }dox

ijo
(1)

I - ¢!
+EL (X" (@) + X (o) = 2c;” + —(;—)]COS(O((I —x,)}do

[4B]

4" o e
N 1 i gl/ (t x|)__”__C[(U(t_x|))
T

;r—x, }t—x,|

The first part of (4) and (5) can be expressed as:

d(l) t
= hmO'ﬁ” (x,,v)—— U ) —J.k“' (x,, D) f;(0)dt
TY ot-x
g(l) (f e(lvi
+ j[ Ly — L CiU(1 = x, )1, (Ddt
|t—xl T
(h ( d(l f( ) 1 ( (1) -
= llmT“(x,,y )— —2 T+ J'kzj(x,,t)fl(t)dt
v =0 b/ " I —x 2 T ’
gl” _ (l)
j[ Y=%) % iy - x, NS, (1)dt
|r— X, n

where,

)

ije

k' (x,. 0= r{ (X, () - X" (o) +2i(d}” +g;’)]isin(a(z - x,)) }do
, b . o

o (0) = 2¢;" cos(a(t — x,)) o

ije

+JZ (X, (0)+X

(1)

+ r{ (X" () + X, ()= 2(c,” + ei)]cos(a(r —x,)) }do
L 4 o

(2D

(22)

(23)

(24)

A similar procedure is applied procedure to the second terms in equations (4) and

(5), expressed in the form shown in (10). The terms denoted by X!*'(o)have the
p i

following asymptotes:

asy3 = (a;' + b Yo+ ¢ +id) e O — +oo
asy4 = (—a,‘f’ + b Yot + C,(I.Z) —id? e o — —oo

NASA/CR—1999-208676 8
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Simplifications can be made with the use of the integral identities (Abramowitz and

Stegun, 1964):

oo 2 2

- n —-m
J‘Oﬂe o cos(ma)do = —————
0 (n~+m)

. , (26)
Iae‘””’ sin(ma)do = L —

0 (n2 + m')2
Hence, the second part of equations (4) and (5) becomes:

, boa®P(xtsin® O —cos’ O(t — x,)°

ﬂlimo'(\-\)(xn)’]):lj I,E I. 2 2 ( wl)w)
yoo 7 (x;sin” 6 +cos” 0(r — x)7)
2b{>'x,(t — x,)sin @ cos O
(x;sin” @ + cos” 6(t — x,)*)° 27)
. ¢)3'x, sin @ + 2d|} cos O(1 — x,) B

| (t)dt
(xll Sin26+C052 G(I_xl)z)z ]f,( )

b

1 7(2 .
+ E'[k,j’(x,,t)f,(t)dr

a

o 15 al?(x}sin® @ —cos” B(1 — x,)7)
:>hmT(\~\'('xl’yl)=_ [ -[‘7 2 2 N
wou N Teo(x sin" @ + cos” B(t — x,)7)°
2b52 x,(1 — x,) sin 6 cos O
(x,2 sin> @ + cos” (1 — xl)z)2
cy’'x, sin@ + 2d'* cos O(t — x,)
~ 2 .2 _7, 2.2 ]f/(t)dt
(x;sin” @ +cos” O(r — x)7)"
1 b R
+ Ejk;;’(xl,t)f,(z)dt

4

(28)

where,

k2 (x,0) = f (X2 (0= X7 (o) + 2iab” +dP)e ™ ™ Jisin(a(t — x,)) }dax

+j:{[X;2’(a)+X'2’

_ (29)
i ()= 2(0«12,2' + 6‘,?,2) Ye 5" 1cos(a(t — x,)) Jda

It should be noted that (27) and (28) do not contain any singularity and the

asymptotic expansion is applied only for computational efficiency.
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Fundamental Solution

The formulated equations in the previous section will be used to solve the problem of
radial multiple cracks in an infinite isotropic FGM as depicted in Figure 2. Since dealing
with an infinite plate only equations (22), (23) and (24) will be used. But before doing so,
the fundamental solution of a single crack is required. Konda and Erdogan (1994) solved
the single crack problem using Navier equations. In this work the same problem will be
solved using Airy stress function and the shear modulus p will vary exponentially with
the global y-axis.

The shear modulus is defined as follows:

:uz(y) = ‘uoer\‘
U (x,, y,) = pyePiren
4 = ycos(6) 30)
B = ysin(@)

where vy, O, and P are real constants and represent the coefficients of

nonhomogeneity.

The Airy stress function U(x,,y,) are defined as,

o°U
Utx.ll(xl’yl) = ay?
1
82
o, (x,y)= Py (31)
|
U
T,\l,‘l('xl’ )= _axay
1 1

The stresses and strains are related through:

du 1
e (x,y)=—"= K+l  +(x-3po,
wi = 5= el o+ (e =3%
dv, _ 1

£, (x,y)= = K-3)o,  +K+lpo,
N T el Uk R CR) (32)

e (x V)_l(atl,_*&v, 3 1 c
(AT e 2 8'\’1 axl 2IJ(X1,_)’]) RYRY
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where x is defined as,

K=3-4v...... for plane strain

3-v (33)

K=——— " for plane stress

Cl4v

and the compatibility equation is defined as:

a28»‘1»\1 + 828."1.‘1 2 a 2811‘1 — 0
dx; dy, oxdy, (34)

From the compatibility equation the following fourth order governing equation for

U(x,y)) is obtained,

VU030~ 282 (VU 53 = 2B (VU 55 +

Y *
al ! 2 - : C ’ ! ? i !
836 U(x,,_\1)+ﬁ_(1c 30 U()«,2 _\.)+c9 U(xI2 _\,))+ (35)
l+x dxdy, I+x  dy, dx;
52(63U(x2,)r,)+x—3azU(.xL,_>>,))=0
ay; l+x  dx
where
9’ 9’
V=(—+—)
ox;  dy (36)
Defining the Fourier transform as follows,
Ve, y) = [U(x, y)e ™ dx (37)

and applying equation (37) to (35), the following characteristic equation is obtained,

n*—2<‘5n“+(ﬁ2 K2_3+62—2a(iﬁ+a)}12+a6[ 8p i+2a}1
,+1 K, +1
3—-«Kx (38)
+oz2[oc2 +6° l + BQRio - /3)]:0

NASA/CR—1999-208676 11



the roots of which are:

n=—8+p K l +4’ +ial B-6 X
KW-+1 2 K+ 1
ny=2|6 - B |- L s g PoX | s a@?+iof +5 /2K
-2 K+1 2 K+1 K+ 1
2 (39)
;h=l6+ﬁ L Y 5+p K +4thaB_53“K
2 K+1 2 K+1 K+1
3 - -x ) ) -
no=1l5-p “’j +%J6—/3 ':’H’f 4 +io| B+ 5 :"‘H’;
The solution to the ODE becomes:
Via, y,) =B (@)e"" + B,(0)e"™" + B,(a)e™" + B,(0x)e™" (40)
so that,
1 T ny, LERY Hiyy LY ino
U(x,.y,)=§;J'[B,(a)e "+ By (o)™ + By(a)e" " + By(a)e™" 1" da (4

Bounded form of equation (41) can be obtained upon examination of the roots of the
characteristic equations. The real part of n, and n; are negative while that of n; and n4 are

positive as o approaches infinity. Hence U, is defined for positive and negative y as,

I 7 : iy
U:(Xl, .\'I) = — J(Blenm + Bzen:,\l )eu.ada; ......... Y >0
2 7
(42)

1 % , o
U,(x,,y)=— J(B,e”"“ + B,e™" e da,
2r ¢

Normal and shear stresses must be continuos at y;=0. The continuity conditions can

be represented by equation (31) as:

dU(x,,0") _ dU(x,,07)
a.yl a)’]
Ux,0") =U(x,0)

(43)
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where, 0" is for y;>0 and 0" is for y;<0. Using conditions (43) we can eliminate B;

and By :
n, —n n,—n
"4 | 4 2
B, = B, + B,
n,—n, n,—n,
B = mo g +n2—n3 B
4 = | 2
n, —n, n, —n,

(44)

The remaining two unknowns can be expressed in terms of the auxiliary functions:

d
fl(xl) = a_[u](x],0+) - u](xp()i)]

X,

, d
fz(x]) = 5—‘[v|(x1s0+) - Vl(.\'l,O—)]

X,

The final expressions of the stresses are obtained using (31) and Hooke’s law,

+ 1 % ﬂFO(h”—anh’ .
O-‘l-"l(xl’yl )= J.[ﬂl— I( ) — _( ) 12 oMM
2r 2

h hy, = hyshy,

+ nf - F](a)h3| + Fg(a)hn en:_\‘, ]em'ada
) hyhyy = hyyhs,

F(a)hy, — F(ah,,
hyhyy = hyshy,
Lo F(o)h,, + F,(a)h,,

hy by, — hyshy,

my

+ ] T 2
Oy (X 00) = Tor Ja’[

en:\'] ]eu,ada

F(o)hy, — F,(a)h,, PROR
hyhy, — hyshy,

- F(o)h,, + Fy(o)h,,
hyhyy — hyyhy,

P
Ty, (x,¥) = —Ej—r— Ia[ll‘

€”2 M ]eix‘ada

2

NASA/CR—1999-208676 13
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where,

h, = +l(n,—n})(n,—n4)
0
m3=x+luh—naw2—nn
ic-B, , , (n,—n,)n, —n,)
h, = (@’ (1+Kx)-8%(x, - 3) T S S
El 8‘[10 ) )[(6 —h, )(6 —n, )(6 —n4)
n, =ie=P (@ (14 K) = 82 (K, — 32 =1 =11,

8u, (0 —ny (6 —n, X6 —n,)

(49)

The singular integral equations can be solved for the auxiliary functions using the

boundary conditions:

—px) =lmo (x, y,) a<Xx, <b
_pz(x')=vl‘iH})T7\]‘](xl’yl) ...... a < x, <b
Equation (47) and (48) are rearranged as follows,
R 1 5 5 h,e" —h,e™"
0-\»1\ (xp,y] ) = -7 a-[ = = E(a)
ot 2r - h by, — hyh,,
he™" = hpe™ E,(o))e™do
hllh22 - hlthI i
i T nh,e" —nh, e
T (2, ) = —— [a[ 522 2y Fla
o Gt 30 2n _J; | hyhyy = hyyhy, ()
nyh " —nhe™ F, (o))" “da
hy by = hyyhy, )

As o goes to infinity n;=n; so Xjj can be expressed as defined in equation (9):

2 hw - hw 2
X, = -0 [—=2—3—] X, =-a
hnhzz - hlzhzl
X, =- a[w] X, =—i

by = by,

NASA/CR—1999-208676 14
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hhyy = hhy,
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the asymptotes of Xj; are found as:

1) o
X, (+o0) = ——— o) = —
n (e) (1 + x) n(==) — ol + )
. o
| (Ho0) = 2 + P X |,(—00) = L+ B
) l+x) a(l+k) (l+x) —-ol+K) s
; -2 (54)
X, (+e0) = 2i + B X, (—o0) = L. B
(l1+x) oa(l+kK) (l+x) —-o(l+kK)
0 -6
Xj,(+<>o)_—-— X, (—0) = —————
o(l + k) —-a(l+x)
. ab el b ondel o |
so that from (54) it is concluded that %j-©jj: € 3N &jj described earlier in equations

(12) and (18) become,

dl = d = —2
1+ K
1 I o
€, = "€n =
1+ K (55)
€ = ey = P

1
€ =6 = C;l Céz = dlll = déz = gl]l = glll = gé] = géz =0
Now substituting (53) and (55) into (22) and (23) the final singular integral

equations are reached,

K+1 _ (t) 1 h ’
"m0 M —jt—x ;j’wz(xl,t)fz(r)dr
__J—Ci(U(t — x )] fo(0)dt (56)
" 2
l h 1 /76
+ —J.kn(xl,t)fl([)dt - _j_Cl(U(I - xl))]f](f)dt
T g T ’ )
K+ 1 B (t) W |
2 ( I,O) pv( X)) = Il—x +;:’:k21(x1,’)f|(f)dl
‘—f SCUU = x))f (1) 57)
T 2

1 h 1 h .
+— [k () oDl + —jQCz(U(t — x D1f,(Ddt
T w2
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where,

K+1
ki(xp,1) =

{j{[x,,( — X, Jisin(e(r — x,))}dex
j (X, + X, costa(t — x,))}dax

r (X, + X, - —2— 9% cosar - x,))}da)
a(l + x)

K+ 1 4 . .
k(o0 == (X0, - X, + 1+’K],sm(a(r—x,))}da

+ _[:; {[X,, + X, Jeos(a(t - x)))}do

+I:{[X” + X, —2—ﬁ—)—]cos(a(r - x, ) }da}

ol + x

K+1 ¢
ky(x, 1) = 2 {L {([X,, — X, + 1

+ J:f {{X, + X, Jeos(a(t — x, ) }do

4 lisin(o(t — x,))}da
+ K

+ r{[Xz, + X, - Q—ﬂ——] cos(a(t — x,))}da)
v o(l + )

K+1
4
+ [ 11X, + X, Jcosta(r - x,)))do

ky(x,,1) =

(10X, = Xy lisinar - x)ldor

+ r{[Xn + X, + 2——5—] cos(o(r — x,))}do)
U a(l + k)

(58)

(59)

(60)

(61)

The definitions for the stress intensity factors (SIF) and the strain energy release rate

(SERR) can be found in Konda and Erdogan (1994). Applying the Lobatto-Chebyshev

collocation integration technique, as in Binienda and Arnold (1995), to the system of

singular integral equations (56) and (57), the normalized mode I SIF were produced and

compared to that of Konda and Erdogan (1994) as summarized in Table I.
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Multiple Crack Formulation

To formulate the multiple crack problem the total stresses of the system needs to be

determined. The cracks are located along their local x; axes, which are related by the

following coordinate transformation:

X = Xia cos(6,,, —6,) =y, sin(6,,, - 6,)
i = X, sin0,,, —6,)+ y,, cos(6,,, - 6,)
X, = x cos(6,,, —6)+ ysin@,,, - 0) (62)
Vi = =X, 8in(6,,, —6,) + y,cos(6,,, - 6,)
6i+1 > 91’
and the stresses are related through the Cauchy stress transformation tensor:
- , -
o, m n - 2mn -
_ 2 2 2
O, (=|n m mn .
2
o, mn —mnomT—n" (T,
- m- n 2mn  ||O,,
2 2
C,..(=| n m -2mn |J0o, (63)
T, -mn mn m -n’l|T,,
MEIRYES L . )
m =cos(@,,, —0,)n =sin8,, -0,
The material constants are:
B, = ysin(6,) o
6, = ycos(8,) (64)
The stresses for each coordinate system are expressed as:
(l"), iy )y iy
1 Fonlhy,e"" —n;hy e @
2 27
O..\.\‘(xi’y:)=—_"[ D O Fi(a)
(] zn
w hy, hyy=hyy by,
U)oy o (i’)) [ (65)
2 CERY A i
n,h,e*" —n h,e"" ;
2 1 12 Fl(a)]el.\,ada

Yy () () )

hy, hyy = hys by,
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“’) (IR (,) (V3]
1 7 5, h,e"" —h, e™" O
Y — 2 22 21
O-)“)’,(x"yf )= JOZ [ (o) W Fa)
hy, hyy— by, by,

) [Ra]

) [

(66)
h en: ¥, _h enl Y (i) .
1 12 o
Gy (D (i) (i) F3(a)]e do
hy, By = hyy by,
(i) (iy iy (i)
. oo ny, LER ;
i nh,e" " —n, h, e 0
Y — 1 20y
Tv\,\,(xl"-'\i )— T a[ () ) (i) (i) E(a)
- hyy hyy— by, by,
) () (i @) W (67)
nay; my, (,)
ny,h,e"" —n h,e i
iy (i i (i) Fl(a)]e do
hyy hyy— by, by,
Gy iy o )Y iy
oo 2 TRy 2 Hy v i
| n,N,,e"" —n, N, e™" 0
- 3 iV PR
o, (x,y )= j[ T Fy(a)
(B 2”
- N,N,—-N, N,
) (i o )iy i (68)
2 ny v, 2 na Y, (i)
nyN,e*" —n;N,e o
+ () () iy FZ(a)]e do
Nn sz_le N21
() t (i) G
1 e , N'm e'!z\‘. _1\/7 e'u,\. )
-y _ _ 2 2 21
O"_"_’(x,,y,. )= ol ) Gy F,(Ot)
e N ,Ny,=N, N,
3] (i) (¥ ) (69)
N e™ =N _ehy )
L 12 3,00
) ) ) () FZ(O{)]E do
Nn sz_Nxz Nzn
iy (W iy W
L ey, ey, (i)
- i n,Ny,e"" —n,N, e
T, 0y ) =m0 Jel = R
e NnNz:"leNm
Gy (o oGy e (70)
n N ell4 v -n N ; e!h_\, (i)
+— :Ii]) (i) 1?) ](,—w Fl(a)]e”ﬁda

Nnsz"leNzl
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where,

(1) K-+l (1) (y (D (i

)
N, = 3 (n,—ny)(n,—n,)

0
i) (i) i) ) (i)
(,2=K+1(rl4—;12)(;1,—n4)
(4]
)y G (i)
(i) (Y — — —
Nz.=%——ﬁ(a3<1+xz>—63<x—3)>[ il ”»‘)(’fi. ) g O
Ho (6, —n, N6, —n,)(0; — )
H (2 N YOI R )
Y (Y — — ‘N —
N33=’_a—ﬁ(a2(1+l(2)—6i2(1('—3))[ ("l'.t n:)("],'], ny) - ]
Ho (8, —n,)(8, —n))(S, —n,)

and h;; are as defined in (49) for the i'" crack. Assume that there are n cracks present, then

the stresses for the i™ crack could be expressed as:

o, (xl,y)_ \‘(x’,y)+ ZO' Ix, EIR N .\",-(X,-,y,)]

J=i+l

,H(AM)'TH X, ¥+ ZT [, (o y)s v (g, vl

j=i+l

(72)

(j) (WAl
where ©.,,>T.y are found using (63) and they are evaluated as in (9) and (10)

respectively. One must be carefull when chossing the stress components for the positive
yi (vi") and for the negative y; (yi). Thus the final singular integral equation could be

expressesd for the i crack as:
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(i)
K+ 1 L ] f f-(t) 1 b (i
S p(x)) = — | 2t + = |k (x,,1,) fo (1) dh,
2#(&-,0)[]] n;[t,—x,. ﬂ;’. (X0 £ dr,

(i)

b,
_ij—ﬁ—iCi(U"(t, = x D1 f2 () dy,
T, 2

1% @ (i) 1hs )
+ = [l (ot £ty == [ ZECHU G, = D) £, ),
n-u, 7ru, 2
Ivj () 2 2 ]
o1 ¢ oa](x7sin"@—(f, —x,cos6)7)
+ Z{_J[ - 2 2 : 2.2
T (x;7sin" @+ (1, —x,cos6)")

”l

¢i'x, sin@((r; — x,cos8)* + x; sin” §)
+

(x7sin* @+ (1, — x, cos§)’)’

2b,x, sinO(t, - x, cos )
(x]sin” @ +cos’ O(t — x,)*)’

(t; —x,cos0)d|!"(x sin’ @ + (1, — x, cos8)*) i)

" 2 2 2.2 t)dt
(x7sin" 0 + (1, — x,cos6)")° Lh()dt,

by i )

1
+; ky(x;.t;) fi(t;)dr,

1 "’[al‘s"’()c,.2 sin’ @ — (1, — x,c0s6)*)
+_J - 5 . 2 v
m (x7sin® @+ (1, —x,cos6)*)’

¢f'x,sin@((r, — x, cosB)* + x”sin’ 9)
+ ‘

(x] sin”> @ +(z, — x, c0s9)*)?

2b{'x,sinB(t, — x, cosB)

(x]sin’ @ +cos’ O(t — x,)°)’

d\'(t, = x,cos0)(x; sin’ O+ (1, — x,cos6)) 1)
+ 2 .02 v 2.2 ]f'r(t‘)dt-
(x; sin” @ + (1, — x,c0s6))" B

h

1 )
+_jkll(xi’tj)f2(t1)dt,'}
i (73)
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(i)
K+1 i | y f([) 1 ko v (i)
(———  p(x) = — | 2t +— | by, (x,, 8, t)dt,

1% B, . -
__j—'cz(U,.(z,, —x))] fi(e)dr,
T q, 2
B (i) i “
+ LK) faltdt, ~ [ &ciwa, - x 0 (),
s Ty 2

o Ij aly (a7 sin’ @ = (1, = x,cos6)")

+ )

=i T

(x]sin” @+ (t; = x, cos8)’)’

”j

¢ x, sinB((t, — x, cos0)* + x; sin’ 6)
L&

(x7sin’ @ + (1, — x, c0s6)")’
2b,]'x, sinB(¢; — x, cosH)

(x] sin” @ +cos” 6(1—x,)*)’

(t, —x,cos0)dy) (x] sin® 6 + (1, — x,cos)) )

1£,(t))dt,

(x7sin® @+ (1, — x,c086)*)°

1 (
+;jk3](x[stj)f|(tj)dtj

(lJ

b;
+i [
b4

[ll

al) (x]sin* @ — (1, — x,c0s6)*)

(x7sin* @+ (1, — x, c0s8)’)’

¢ x, sinB((r, — x, cos6)” + x] sin” 6)

(x7sin® @ + (1, - x,cos6)")’
2b3)'x, sinB(t, — x, cos 6)

(x7sin” @ +cos’ O(t—x,)*)’

di{’(t] — x,cosB)(x; sin* 6 +(t, — x, cos)’)
+ — ‘

*sin’ 242 ] 7(f )df
(x; Sm'9+(t‘,-x, cos@) )" fr(t))dt,
| y () ()
+— jkzg(x,.,t, ) fo(t;)dt;}
i (74)
» /" . (i)
where the constants a,, ---d,, and k,, are defined in the Appendix, the kernels k,,

are defined as in (58) through (64) and 6=6;-6;.
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The above solution is reduced to the case of two collinear cracks embedded in the

1sotropic plate to demonstrate high accuracy of the results as shown in Table II.

Parametric Studies

In the following parametric studies the length of all cracks is chosen to be 2¢ = 2.
The infinite plate is subjected to normal stress along y global direction, 6,,=1 psi. Cracks
are located along their local x; axes, which can be inclined with respect to the global x
axis. All the geometrical dimensions are normalized with respect to ¢. The parametric

studies are presented for the normalized mode-1 and mode-II SIF, i.e., k/ko and ko/k¢, and

8u kg
normalized SERR, i.e., G\/Gy and G2/Gy, where k, =6, vJc and G, = —(u—o—OT) )
: (K +

First study takes into consideration the problem of two collinear horizontal cracks.
The same crack configuration was used to produce the results in Table II for
homogeneous materials, see insert in Figure 3 or 4. Here we extended the material
properties to the show transition from homogeneous material to FGM. The distance
between the inner tips is denoted by r. Figures 3 and 4 show mode I normalized SIF and
mode-I normalized SERR versus a normalized crack tip distance r/c. The curves are
shown using the logarithmic scale for the crack distance variable.

It can be noticed that as the distance between the cracks becomes smaller the SIF
and SERR become larger for every power of the exponential variation coefficient Y.
Note, that the homogeneous case is represented by making the coefficient y = 0. Both
driving forces increase as 7y increases for materials becoming more nonhomogeneous. The

increase is especially significant for the crack tip distance less than 0.01.
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The case of collinear inclined cracks at 30 degrees from the horizontal axis is
shown in Figures 5 to 8. Mode-1 SIF shown in Figure 5 has larger magnitudes for both
the homogeneous and FGM materials than the corresponding Mode-II SIF shown in
Figure 6. Both modes show increase of SIF for decreasing of the crack tip distance and
for increasing of the coefficient y. Figures 7 and 8 display mode-1 and IT SERR.
Magnitudes of Mode-1 SERR are almost three times larger than the corresponding mode-
I1 SERR. Both SERR modes increase for decreasing of the crack tip distance r (same as
SIF) and for decreasing of Y (opposite to SIF). It should be pointed out that the material
stiffness at each crack tip dominates the results for SERR to the point of reversing the
trend in comparison with SIF with respect to v.

The cases when two cracks are located along two different local radial axes
distance d = 1 from the origin is shown in the remaining figures. The location of the first
crack is kept constant at 30 degrees while orientation of the second crack is changed from
45 to 90 degrees. Both SIF and SERR are shown for each crack tip versus the orientation
angle of the second crack.

Figures 9 and 10 display mode-I and II SIF while Figures 11 and 12 represent
both modes of SERR at the left crack tip of the stationary crack 1. It can be noticed that
when crack 2 comes closer to crack 1, the tip a, is shielded and all driving force
components are significantly reduced. Mode-II SIF has its maximum for the orientation
angle of the second crack close to 70 degrees. By increasing y higher magnitudes for
mode-I SIF and lower magnitudes for mode-II SIF are produced.

Both modes of the SERR depend not only on square of the SIF but also on the

material stiffness at the crack tip. This influence is especially shown in Figure 11 where
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the homogeneous case produces the smallest SERR for angle 45 degrees similar to the
corresponding SIF. However, homogeneous SERR curve becomes largest for higher
angles, which is opposite to the corresponding SIF.

The opposite character of SIF and SERR is even better shown in Figures 13 to 16.
Here the shielding effect does not exhibit itself. Both modes of SIF for the homogeneous
material are smallest (see Figures 13 and 14 for mode-I and 11 SIF), while both
components of SERR are largest (see Figures 15 and 16 for mode-I and II SERR),
because of the crack tip material stiffness influence.

The results for the left crack tip of the second crack are shown in Figures 17 to 20.
Mode-1 SIF depends on the crack orientation and for homogeneous case is smallest. The
negative values of the mode-I SIF should be interpreted as the crack closure and SERR
for such case is zero.

Mode-II SIF at the tip of the second crack versus its orientation is shown in
Figure 18. For the homogeneous case the maximum k; is at 45 degrees. In the cases of
higher coefficient y the maximum k; is shifted towards 60 degrees crack orientation. The
magnitudes of SIF are larger for nonhomogeneous cases than for the homogeneous case
when the orientation angles of the second crack are higher than 60 degree.

Mode-I of SERR monotonically decreases to almost zero at 75 degrees and at
about 50 degrees does not depend on vy, see Figure 19. For 45-50 degrees the
homogeneous case is the highest and for 50-90 is the smallest. Mode-II SERR is the
highest for 45-90 degrees angle orientation and has its maximum at 45 degrees, see

Figure 20. The shift of the maximum to 55 degrees can only be observed for y=1.0.
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Mode-I SIF for the right crack tip b, is very small for all the angles examined or it
is negative (crack closure) for the angle more than 65 degrees for the homogeneous case
and down to 50 degrees for FGM with y=1. Mode-II SIF is shown in Figure 22. The
maximum is moved to 60 degrees because of the influence of the crack below. The
homogeneous material case is the smallest for all the angles of the crack orientation.

Mode-I SERR at the same crack tip is shown in Figure 23. Homogeneous case
starts to be the highest at the orientation of 45 degrees and quickly goes to zero at 62
degrees. The FGM with the highest 7y also goes to zero but at the smaller angle because
the crack tip remains closed. Mode-II SERR is shown in Figure 24. All the curves have
their maximum at 55 degrees. The highest SERR is for y= 1.0 and the smallest for y=
0.25 at the angle of 45 degrees. The homogeneous material produces the smallest SERR
for the orientation close to 75 degrees.

All of the above parametric studies demonstrate that the effect of the material
properties, crack orientation, location of the additional crack are interdependent and
consequently produce behavior different than isotropic homogeneous materials. The
model developed in this work can be used to study: fracture problems in FGM and can be
used to tailor the properties in order to reduce driving force components and effectively

increase live of these materials.

Conclusions
Application of the general solution to the mixed boundary value problem was
demonstrated to provide an elegant way of obtaining the fundamental solution for a crack

embedded in an infinite nonhomogeneous plate. The fundamental solution was used to
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address multiple crack problem. Parametric studies for the multiple cracks revealed, that
both SIF and SERR highly depend on the crack geometrical parameters such as crack
orientation, location, relative distance, etc., but they also depend on the power of the
exponent describing the rate of change of the material elastic parameters, vy, and local
stiffness of the material at each crack tip.

The results demonstrated that the driving forces can be amplified by the collinear
crack orientation or they can be reduced by the shielding effect between cracks above or
below.  The character of the amplification or shielding remains similar for
nonhomogeneous materials but in most cases higher than zero coefficient y increases SIF
and reduces SERR.

The well known one-to-one relation between SIF and SERR curves is not always
valid for FGM, because SERR also depends on the material elastic constants. Hence, the
SIF curves may have different character than SERR curves. The application of the
driving forces to crack propagation criterion need to be further studied to determine
which driving force (SIF or SERR) best correlates with appropriate experimental results.
However, since SERR includes the influence of SIF and material stiffness at the tip it is

recommended that total SERR is used for the driving force parameter for FGM.
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Table I Verification of the Solution.

cy Konda and Present Study | Konda and Present Study
Erdogan (1994) | k(a)/ Ve Erdogan (1994) | ky(a)/ Ve
ki(a)Ne ka(a)/ Ve
0.25 1.036 1.036 0.065 0.062
0.50 1.101 1.101 0.129 0.122
1.0 1.258 1.260 0.263 0.243
c=(b-a)/2
Table II Two Collinear Cracks In Isotropic Plate
From literature
1 Horri and Nemat-Nasser Erdogan Present Method
c
(1985) (1962)
Inner QOuter Inner Outer Inner Outer
0.22 --- -- 1.45387 1.11741 1.45736 | 1.11786
0.50 1.2289 1.0811 1.22894 1.08107 1.22894 | 1.08107
0.857 1.1333 1.0579 1.13326 1.05786 1.13329 | 1.05787
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Figure 1. Methodology of Solution for the Fundamental Problem.
(a) Mixed Boundary Value Problem for the FGM.
(b) Infinite FGM Plate without Crack.

(¢) Perturbation Problem of a Crack loaded by Surface Tractions.
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Figure 2. Multiple Cracks Embedded in the Infinite FGM Plate.
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Figure 3. Mode I normalized SIF versus normalized inner crack tips distance

for two collinear horizontal cracks. (Gyy = 1.0, Gxx = Oy, =0.0).
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Figure 4. Mode I normalized SERR versus normalized inner crack tips distance

for two collinear horizontal cracks. (Gyy = 1.0, G4« = Cxy =0.0).
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Figure 5. Mode I normalized SIF versus normalized inner crack tips distance

for two collinear cracks along the 8=30 deg. (Oyy = 1.0, Gxx = Gxy =0.0).
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Figure 6. Mode 1l normalized SIF versus normalized inner crack tips distance
for two collinear cracks along the 6=30 deg. (Gyy = 1.0, Oy = Gy =0.0).
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Figure 7. Mode I normalized SERR versus normalized inner crack tips distance

for two collinear cracks along the 6=30 deg. (G, = 1.0, G\x = Gy =0.0).
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Figure 8. Mode II normalized SERR versus normalized inner crack tips distance for two

collinear cracks along the 8=30 deg. (Gyy = 1.0, Gy« = G4, =0.0).
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Figure 9. Mode I normalized SIF at the tip a, versus crack (2) orientation angle 0,

for two inclined cracks. (6, = 1.0, Gy = Gy =0.0, d=1.0, 8,=30 deg.).
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Figure 10. Mode 11 normalized SIF at the tip a; versus crack (2) orientation angle 0, for

two inclined cracks. (Gyy = 1.0, O = Oxy =0.0, d=1.0, 6,=30 deg.).
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Figure 11. Mode I normalized SERR at the tip a; versus crack (2) orientation angle 0,

for two inclined cracks. (Gyy = 1.0, Oy = Ox, =0.0, d=1 .0, 6,=30 deg.).
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Figure 12. Mode Il normalized SERR at the tip a; versus crack (2) orientation angle 6,

for two inclined cracks. (Oyy = 1.0, Oy = Oyxy =0.0, d=1.0, 6,=30 deg.).
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Figure 13. Mode I normalized SIF at the tip b, versus crack (2) orientation angle 0, for

two inclined cracks. (6yy = 1.0, G4 = Oy, =0.0, d=1.0, 0,=30 deg.).
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Figure 14. Mode II normalized SIF at the tip b; versus crack (2) orientation angle 6,

for two inclined cracks. (Gyy = 1.0, Oy, = Oxy =0.0, d=1.0, 8,=30 deg.).
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Figure 15. Mode I normalized SERR at the tip b; versus crack (2) orientation angle 0>

for two inclined cracks. (Gyy = 1.0, G4 = Gxy =0.0, d=1.0, 6,=30 deg.).
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Figure 16. Mode Il normalized SERR at the tip b, versus crack (2) orientation angle 6,

for two inclined cracks. (Gy, = 1.0, Oxx = Oy, =0.0, d=1.0, 0,=30 deg.).
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Figure 17. Mode I normalized SIF at the tip a, versus crack (2) orientation angle 6,

for two inclined cracks. (oyy = 1.0, Oxx = Oy, =0.0, d=1.0, 6,=30 deg.).
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Figure 18. Mode II normalized SIF at the tip a, versus crack (2) orientation angle 6>

for two inclined cracks. (G,y = 1.0, Oxx = Oxy =0.0, d=1.0, 6,=30 deg.).
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Figure 19. Mode I normalized SERR at the tip a, versus crack (2) orientation angle 0, for

two inclined cracks. (Oyy = 1.0, Gy = 0,y =0.0, d=1.0, 0,=30 deg.).
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Figure 20. Mode II normalized SERR at the tip_ag versus crack (2) orientation angle 6,

for two inclined cracks. (Gyy = 1.0, G4 = Gxy =0.0, d=1.0, 6,=30 deg.).
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Figure 21. Mode I normalized SIF at the tip b, versus crack (2) orientation angle 6,

for two inclined cracks. (6yy = 1.0, Oxx = Oxy =0.0, d=1.0, 6,=30 deg.).
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Figure 22. Mode II normalized SIF at the tip b, versus crack (2) orientation angle 6,

for two inclined cracks. (Gy, = 1.0, G4« = Gy =0.0, d=1.0, 0,=30deg.).

T T T T T T T T T T T

—6— yc=0.0001 |
0.02 -
—5— vc=0.25
—o— vc=0.50
—— yc=0.75

~———vc=1.0 N

0.01

0.005

& o om

45 60 75 90
0,
Figure 23. Mode I normalized SERR at the tip b, versus crack (2) orientation angle 6;

for two inclined cracks. (Gyy = 1.0, Gxx = 0,y =0.0, d=1.0, 0,=30 deg.).
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Figure 24. Mode II normalized SERR at the tip b, versus crack (2) orientation angle 05

for two inclined cracks. (Gyy = 1.0, Oy = Oxy =0.0, d=1.0, 6,=30 deg.).
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